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ABSTRACT: Extraction of natural gas by hydraulic fracturing of the Middle Devonian Marcellus
Shale, a major gas-bearing unit in the Appalachian Basin, results in significant quantities of produced
water containing high total dissolved solids (TDS). We carried out a strontium (Sr) isotope
investigation to determine the utility of Sr isotopes in identifying and quantifying the interaction of
Marcellus Formation produced waters with other waters in the Appalachian Basin in the event of an
accidental release, and to provide information about the source of the dissolved solids. Strontium
isotopic ratios of Marcellus produced waters collected over a geographic range of ∼375 km from
southwestern to northeastern Pennsylvania define a relatively narrow set of values (εSr


SW = +13.8 to
+41.6, where εSr


SW is the deviation of the 87Sr/86Sr ratio from that of seawater in parts per 104); this
isotopic range falls above that of Middle Devonian seawater, and is distinct from most western
Pennsylvania acid mine drainage and Upper Devonian Venango Group oil and gas brines. The
uniformity of the isotope ratios suggests a basin-wide source of dissolved solids with a component
that is more radiogenic than seawater. Mixing models indicate that Sr isotope ratios can be used to
sensitively differentiate between Marcellus Formation produced water and other potential sources of
TDS into ground or surface waters.


■ INTRODUCTION
Development of shale gas in the Appalachian Basin Marcellus
Formation, one of the world’s largest natural gas plays, has
increased dramatically with the application of horizontal drilling
and hydraulic fracturing techniques, a process that uses 8−15
million liters of water for each well.1−3 Waters produced from
the well comprise a portion of the fracturing fluid, an injected
water solution including various chemicals used to facilitate the
hydraulic fracturing, as well as possible formation brines. These
produced waters have total dissolved solid (TDS) contents
often exceeding 200 000 mg/L, with elevated levels of
strontium (Sr), bromide (Br−), sodium (Na), calcium (Ca),
barium (Ba), and chloride (Cl−), most likely from interaction
with formation waters and/or salts in the producing formation.4


Currently, TDS is considered an EPA secondary drinking water
contaminant at levels above 500 mg/L.5


Deep injection is the least expensive method for disposing
produced water, with most produced water in the U.S. being
disposed in Class II injection wells that target formations with
suitable porosity, permeability, and capacity.6 However, only
limited opportunities for deep injection exist in the areas of
Pennsylvania where Marcellus Formation gas development is
most intense. In these areas, increasingly greater volumes of
produced water are being reused to hydraulically fracture
subsequent wells. Where reuse is not practical, produced water


is either treated for surface discharge or transported to nearby
states where deep injection capacity exists.6 The storage and
transportation of produced water prior to reuse, treatment, or
deep injection provide some opportunity for these waters to
become commingled with surface water or shallow groundwater
through spills or releases. Deeper groundwater also could be
affected if the integrity of the well is compromised.7


Recent stream contamination events and produced water
releases have highlighted the need for methods to distinguish
between multiple fossil fuel-related and other sources of TDS.
For example, in 2008, high levels of sulfate, chloride, and
bromide-dominated TDS were measured in the Monongahela
River in western Pennsylvania; the source of this contamination
was determined to be outflows from wastewater treatment
plants which process both coal mine water and Marcellus
Formation produced water.8 Similarly, in 2009 a significant fish
kill occurred in Dunkard Creek, a tributary of the Monongahela
River that flows along the border between Greene County, PA,
and Monongalia County, WV. This event was caused by a
release of high-TDS water, the source of which is still under
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debate.9,10 Additionally, a number of fracturing fluid, produced
water, and brine releases have occurred at Marcellus Formation
well pads, including three releases at a single pad in
Susquehanna County, PA, in which fracturing fluid reached a
tributary of Towanda Creek.11


Although typical Marcellus Formation produced waters are
chemically distinct from streams and uncontaminated ground-
water, few geochemical parameters can unambiguously
distinguish among all possible sources in the event of a spill
or leakage. In Pennsylvania, such sources can include
abandoned mine drainage, fly ash impoundments, brines from
abandoned oil and gas wells from formations shallower than the
Marcellus, road salt, wastewater outflows and septic systems,
and industrial discharges. Here we explore the application of
strontium (Sr) isotope ratios to address these issues.
The isotopic ratio of radiogenic strontium-87 (87Sr, produced


by the decay of 87Rb over geologic time) to the stable Sr
isotopes 84Sr, 86Sr, and 88Sr has been shown to be an effective
tracer of water−rock interactions and has been used to identify
and quantify sources of groundwater constituents in areas
impacted by human activity.12−17 Unlike stable isotopes of
oxygen, hydrogen, and carbon, the isotope composition of Sr is
not affected by evaporation (e.g., from holding ponds) or
biological activity. For the isotope ratio of Sr (expressed as
87Sr/86Sr) to be used successfully as a natural tracer in ground
and surface waters, the isotope ratios of the potential
endmembers must be distinct. If potential endmembers have
distinct Sr isotopic ratios, Sr isotopes can be used as sensitive
indicators of even minute amounts of contamination from
brines, and potentially to identify waters interacting with rocks
from specific stratigraphic units.18−20


In addition, understanding the sources of these salts and
metals can be useful in designing drilling strategies and
understanding heterogeneities in the producing unit. Many
formation brines, including those of the Appalachian Basin,
have been found to have a significant component of evaporated
seawater.21−24 Conversely, the presence of lenticular salt
deposits in a Marcellus core has led to the hypothesis that
the high salinity originates from autochthonous salts.4


Strontium isotopes can also be used to understand the origin
of salts in produced waters, i.e., to determine if salts are from
evaporated seawater and to identify additional sources of
dissolved constituents (e.g., carbonates, exchangeable sites on
clays). We carried out an isotope study of Marcellus produced
waters to (1) identify unique isotope “fingerprints” of Marcellus
waters to aid in verification of safe disposal; and (2) determine
the source of dissolved solids that are abundant and ubiquitous
in Marcellus waters.


■ METHODS
Marcellus Produced Waters. Samples of hydraulic


fracturing waters and waters produced during and after drilling
from wellheads and impoundments from four counties across
Pennsylvania (Figure 1) were obtained by DOE-NETL and
Bucknell University. Some were collected as time series from
the start of pumping, and others were collected from
impoundments where they were being held prior to recycling
or disposal. Samples BR-A1 through BR-A5 were produced
waters collected from five wells in Bradford County; samples
BR-A3, A4, and A5 had been recycled through several
fracturing operations. Samples beginning with WE were
collected from two closely spaced wells (<1 km apart;
designated by “A” and “B” in sample name) in Westmoreland


County, at the indicated number of days after the start of
pumping. Samples labeled WA-B1-# through WA-B3-# were
collected in Washington County from three different waste-
water impoundments, at various depths (indicated by #) below
the water surface (Table 1). Samples WA-A11 through WA-
A30 were collected from a well in Washington County at the
indicated number of days after the start of pumping. Samples
beginning with GR were collected from a well in Greene
County at the indicated number of days after the start of
pumping; GR-AF is a sample of the water used to hydraulically
fracture that well (fracturing fluid).


Coal Mine Drainage. Samples of coal mine drainage (acid,
circumneutral, and net alkaline) from bituminous coals of the
Pittsburgh Formation and Allegheny Group (Pittsburgh,
Freeport, Kittanning, Clarion, and Brookville) were analyzed
for Sr isotopes to compare with potential Marcellus produced
water. Major element and Sr isotope geochemistry is presented
in Supporting Information Table S1.


Analytical Methods. Samples were filtered to <0.45 μm
and acidified with ultrapure concentrated nitric acid (HNO3).
Major and trace elements were analyzed by ICP-MS and ICP-
OES at DOE-NETL and Bucknell University. Strontium
isotope preparation and analysis was carried out under clean
lab conditions at University of Pittsburgh. Using Sr
concentrations determined by ICP-OES, aliquots containing
between 2 and 10 μg of Sr were evaporated to dryness,
redissolved in 6 N ultrapure HNO3, and eluted through
columns containing Eichrom Sr resin to separate Sr from all
other constituents in the sample. The eluted Sr was evaporated
to dryness and redissolved in 2 N ultrapure HNO3. An aliquot
containing approximately 500 ng of Sr was evaporated onto a
Re filament preloaded with a Ta oxide carrier agent. Strontium
isotopes of the samples as well as the Sr standard SRM 987
were measured using a multidynamic method on a Finnigan-
MAT 262 thermal ionization mass spectrometer. The average


Figure 1. Map showing the extent of the Marcellus Formation
(shaded), with the locations (indicated by county) of the samples
reported in this study.
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87Sr/86Sr ratio of SRM 987 over the period of these analyses
was 0.710243 ± 0.000017 (n = 45).
Strontium isotope ratios are presented using epsilon


notation, where the 87Sr/86Sr ratio of the sample is normalized
to the globally uniform 87Sr/86Sr ratio of present-day seawater:


ε = −
⎛
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Sr/ Sr


Sr/ Sr
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SW 4
87 86
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87 86
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Based on alternating measurements of SRM 987 and seawater
(n = 23 for each), the offset between the two (87Sr/86SrSRM987 −
87Sr/86Srseawater) is 0.001074, leading to a corresponding
seawater 87Sr/86Sr value of 0.709169.


■ RESULTS AND DISCUSSION


Produced Water Dissolved Load. Major element data
from the Pennsylvania produced waters reported here (Table
1) indicate that these waters share many of the characteristics


Table 1. Major Element and Strontium Isotope Data for Marcellus Produced Water Samples


mg/L


sample/
location description Na Ca Mg Fe Sr Ba Cl


TDS
g/L 87Sr/86Sra εSr


SWb


Bradford Co., PA
BR-A1 produced water 30,400 6,120 538 117 1,970 5,490 77,000 109.5 0.710653 ± 07 20.93 ± 0.10
BR-A2 produced water 49,400 20,800 1,750 123 5,230 12,000 159,000 211.4 0.710270 ± 10 15.53 ± 0.14
BR-A3 recycled prod. water 41,900 11,300 1,110 73.7 3,340 7,820 68,000 154.1 0.710742 ± 06 22.18 ± 0.08
BR-A4 recycled prod. water 34,000 7,930 840 50.5 2,870 6,470 77,000 136.6 0.710757 ± 08 22.39 ± 0.11
BR-A5 recycled prod. water 27,600 7,050 726 55.3 2,600 5,860 73,000 120.9 0.710733 ± 09 22.05 ± 0.13
Westmoreland Co., PA
WE-A1.5 prod. water, day 1.5 NAc 349 NA NA 46.0 70.0 NA 14.8 0.711992 ± 06 39.81 ± 0.08
WE-A2 prod. water, day 2 2,792 624 43 NA 88.0 179 10,300 21.4 0.712013 ± 10 40.10 ± 0.14
WE-A4 prod. water, day 4 11,747 2,278 217 NA 381 740 29,000 44.8 0.712036 ± 10 40.43 ± 0.14
WE-A5 prod. water, day 5 14,216 2,880 254 NA 450 888 32,200 51.1 0.712027 ± 10 40.30 ± 0.14
WE-A7 prod. water, day 7 18,288 3,938 381 NA 651 1,405 42,000 65.7 0.712044 ± 06 40.54 ± 0.08
WE-A12 prod. water, day 12 23,928 5,603 518 NA 934 2,193 47,900 81.2 0.712013 ± 08 40.10 ± 0.11
WE-A15 prod. water, day 15 24,820 6,292 629 NA 1,127 2,687 53,500 89.5 0.712019 ± 10 40.19 ± 0.14
WE-A29 prod. water, day 29 26,297 6,236 671 NA 1,215 2,987 76,600 99.0 0.712091 ± 07 41.20 ± 0.10
WE-B3 prod. water, day 3 9,901 1,239 694 NA 214 333 19,000 33.3 0.712076 ± 11 40.99 ± 0.16
WE-B5 prod. water, day 5 16,704 2,782 376 NA 533 1,058 30,600 55.6 0.712108 ± 07 41.44 ± 0.10
WE-B7 prod. water, day 7 18,288 3,900 490 NA 738 1,490 40,700 69.4 0.712088 ± 08 41.16 ± 0.11
WE-B9 prod. water, day 9 18,510 4,627 559 NA 900 1,892 46,800 78.4 0.712108 ± 08 41.44 ± 0.11
WE-B13 prod. water, day 13 22,437 5,749 211 NA 1,063 2,306 71,100 89.3 0.712117 ± 09 41.57 ± 0.13
WE-B18 prod. water, day 18 NA 6,278 NA NA 1,380 2,700 NA 98.1 0.712113 ± 09 41.51 ± 0.13
Washington Co., PA
WA-A11 prod. water, day 11 32,500 12,278 1,267 38.6 1,393 151 88,500 136.2 0.711129 ± 08 27.64 ± 0.11
WA-A13 prod. water, day 13 35,070 14,028 1,478 41.8 1,694 194 102,100 146.7 0.710988 ± 10 25.65 ± 0.14
WA-A15 prod. water, day 15 37,100 15,269 1,632 17.3 1,832 253 107,300 153.4 NA
WA-A17 prod. water, day 17 38,530 15,875 1,671 21.6 1,872 296 102,600 156.7 0.711056 ± 11 26.61 ± 0.16
WA-A20 prod. water, day 20 40,350 16,509 1,820 19.0 1,888 328 115,300 167.8 0.711088 ± 09 27.06 ± 0.13
WA-A25 prod. water, day 25 46,260 17,612 1,896 15.6 2,045 349 116,100 168.4 0.711021 ± 10 26.12 ± 0.14
WA-A30 prod. water, day 30 47,881 18,080 1,992 NA 2,151 379 NA 169.4 0.711076 ± 08 26.89 ± 0.11
WA-B1-8 impound#1, 8′ depth 20,310 8,682 880 18.7 1,192 176 59,600 108.0 0.710880 ± 10 24.13 ± 0.14
WA-B1-4 impound#1, 4′ depth 20,440 8,796 890 15.8 1,205 191 65,300 117.0 0.710905 ± 10 24.48 ± 0.14
WA-B2-9 impound#2, 9′ depth 20,510 8,779 859 5.12 1,277 389 59,400 110.7 0.710969 ± 08 25.38 ± 0.11
WA-B2-6 impound#2, 6′ depth 20,910 8,818 866 4.37 1,296 339 58,700 108.0 0.710954 ± 10 25.17 ± 0.14
WA-B3-10 impound#3, 10′ depth 12,890 5,674 570 0.067 795 10.5 36,700 71.4 0.710737 ± 10 22.11 ± 0.14
WA-B3-5 impound#3, 5′ depth 12,940 5,733 589 0.066 803 9.54 36,800 71.4 0.710722 ± 09 21.90 ± 0.13
Greene Co., PA
GR-AF frac water 20,923 4,377 567 16.0 1,389 393 41,900 88.7 0.710084 ± 08 12.90 ± 0.11
GR-A1 prod. water, day 1 26,020 6,532 776 43.7 1,397 1,108 63,700 127.2 0.710988 ± 08 25.65 ± 0.11
GR-A2 prod. water, day 2 30,100 7,903 828 44.9 1,823 1,560 65,000 138.8 0.710976 ± 10 25.48 ± 0.14
GR-A3 prod. water, day 3 26,840 7,372 866 49.2 1,721 1,487 67,300 137.8 0.710957 ± 07 25.21 ± 0.10
GR-A4 prod. water, day 4 30,910 8,874 755 38.1 2,009 1,756 70,200 146.2 0.710961 ± 09 25.27 ± 0.13
GR-A5 prod. water, day 5 28,270 7,952 762 1.10 1,868 1,638 71,200 143.1 0.710975 ± 08 25.47 ± 0.11
GR-A7 prod. water, day 7 32,800 8,786 841 26.6 2,415 962 81,900 157.0 0.710148 ± 08 13.80 ± 0.11
GR-A15 prod. water, day 15 32,380 9,634 953 28.1 2,275 2,273 86,500 161.5 0.711160 ± 09 28.08 ± 0.13
GR-A20 prod. water, day 20 34,520 10,390 976 36.1 2,484 2,525 87,700 188.2 0.711173 ± 09 28.26 ± 0.13
GR-A27 prod. water, day 27 NA NA NA NA NA NA NA NA 0.711183 ± 41 28.40 ± 0.58


aIn-run uncertainty in last two decimal places of 87Sr/86Sr ratio. bεSr
SW = 104(87Sr/86Srsample/


87Sr/86Srseawater − 1); measured 87Sr/86Srseawater =
0.709169. cNA = not analyzed.
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previously reported for Marcellus Formation produced waters,4


including variable but generally high TDS (20 000 to >200 000
mg/L), the predominance of Na and Cl in the dissolved load,
and very high concentrations of Ba and Sr (up to 12 000 and
5200 mg/L, respectively). Chloride is largely balanced by Na+,
with Ca2+ providing most of the remaining charge balance
(Figure 2a). The wells and impoundment waters from


Washington County have more Ca-rich compositions com-
pared to the other produced waters. Comparison of Na and Ca
to the sum of all cations (Figure 2b) indicates the importance
of Na and Ca to the overall dissolved load. The offset of the
Bradford County samples from this trend reflects the extremely
high concentrations of Sr and Ba in these waters, which
contribute significantly to the overall dissolved load. There are
no clear geographic trends in concentration from the
southwestern-most to the northeastern-most produced waters,
although the Bradford County produced waters tend to have
the highest concentrations of dissolved constituents, and the
Westmoreland County waters tend to have the lowest.
Marcellus produced waters are known for their high Ba and


Sr concentrations.4 Both of these are alkaline earth elements,
with geochemical characteristics similar to those of Ca and
magnesium (Mg). When normalized to Ca to account for the
large variations in TDS, Ba and Sr show a positive correlation
across the region, with only the Greene County well data
diverging significantly from the trend (Figure 3a). However,
data from each well or region fall within unique, non-


overlapping parts of this plot. In contrast, the Mg/Ca ratio
shows no systematic correlation with Sr/Ca in the Marcellus
Basin as a whole, although individual wells or regions
sometimes have a weak correlation (Figure 3b). In addition,
the Mg/Ca ratio varies over a much smaller range of values
(most within the molar ratio of 0.10−0.15) compared to the
range of Ba/Ca and Sr/Ca ratios. Thus Mg and Ca are
relatively coherent across the basin, whereas Ba, and to a lesser
extent Sr, may be affected more strongly by local variations.
The shifts in Ba and Sr across the basin are unlikely to result


solely from variations in the shale barite (BaSO4) content (and
dissolution in hydraulic fracturing fluid), as the Sr/Ba ratios in
the produced waters are significantly higher than those
expected for marine barite (0.03−0.08).25 The positive
correlations of Ba with Sr at high Sr/Ba ratios within individual
wells argues against either introduction of Ba from drilling
muds or removal of Ba by scaling (e.g., precipitation of BaSO4
in pipes and pore spaces) prior to extraction of the brine, as
both of these should affect Ba much more strongly than Sr. The
range of Ba and Sr concentrations in produced waters is most
likely controlled by the combined dissolution of Ba- and Sr-rich
minerals such as barite, witherite (BaCO3), celestite (SrSO4),
and strontianite (SrCO3), with the large differences in Ba/Ca
and Sr/Ca among different regions reflecting the co-occurrence
of these minerals at different abundances within shales of the
Marcellus Formation.26


Sr Isotope Composition of Produced Waters. Stron-
tium isotope ratios for Marcellus Formation produced waters
are reported in Table 1. Most produced waters fall within an
εSr
SW range of +13.8 to +28.4; only the Westmoreland County
wells deviate significantly, with an εSr


SW range of +39.8 to +41.6.
The total range of values for Marcellus produced waters,


Figure 2. Variations in the chemical composition of Marcellus
Formation produced water. (a) Na/Cl ratios plotted against Ca/Cl on
an equivalent basis. Na and Ca are the dominant cations that together
account for most of the Cl in produced waters, suggesting a source
with both NaCl- and CaCl2-type salts or brines. (b) Na and Ca
normalized to the sum of all cations, on an equivalent basis. The offset
of the Bradford County samples (green triangles) from the rest of the
trend reflects the very high concentrations of Ba and Sr in these
waters.


Figure 3. Variations in Sr, Ba, and Mg with Ca in Marcellus Formation
produced waters. (a) Ca-normalized Ba concentrations show a
generally coherent positive trend across Pennsylvania when plotted
against Ca-normalized Sr, with the well waters from Greene County
showing the most significant deviation from the trend. (b) Ca-
normalized Mg concentrations do not exhibit a regional-scale trend,
and are only weakly correlated within each well or region.
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including the Westmoreland County samples, is quite restricted
compared to possible water and rock with which they might
interact. For example, Phanerozoic marine limestone falls
within a range of −35 to 0,27 and abandoned coal mine
drainage outflows in western Pennsylvania can range from +35
to +140 (Table S1). Assuming that this wide range reflects
typical ground and surface waters in the area, the εSr


SW values of
Marcellus produced waters will likely be a distinguishing
characteristic compared to local shallow groundwater or surface
waters, or to other high-TDS waters.
In those sites where produced water was collected as it came


out of the well, Sr (as well as other major elements not plotted)
shows a clear trend of increasing concentration over time
(Figure 4a). This apparently reflects progressive incorporation


of salts or connate brines into the hydraulic fracturing fluid. In
contrast, the produced waters reached a relatively constant εSr


SW


value within the first two days of pumping (Figure 4b). It
appears that in most cases, individual wells will produce waters
with a very narrow range of εSr


SW values, most likely reaching a
steady state value within the first few days after commencement
of pumping.
Origin of TDS in Marcellus Produced Waters. The


relatively narrow range of εSr
SW values of Marcellus Formation


produced waters appears to be a distinguishing characteristic of
these waters. Even when corrected for 87Rb decay using
available Rb concentration data, these values fall above the
range of Middle Devonian seawater values,28 and in fact above
any Phanerozoic seawater.27 If the salts or brines that are


accessed by hydraulic fracturing are of marine origin, there
must have been addition of radiogenic Sr (87Sr) prior or
subsequent to incorporation into shales of the Marcellus
Formation. Possible sources include the silicate portion of the
shale itself (primarily clays), which should be relatively enriched
in 87Sr, or basinal fluids that interacted with adjacent units
before being incorporated (as brine or salt) in the Marcellus
Formation. Given the relative homogeneity of the Sr isotope
ratios over the ∼375 km distance represented by our sampling,
large-scale fluid flow is a more likely source of the radiogenic Sr
than localized incorporation of Sr from the shale. Evans29


documented multiple episodes of fluid migration in the
Marcellus Formation based on fluid inclusion analysis. The
somewhat bimodal distribution of values between the West-
moreland County waters and all of the others could reflect
lithological variations within the Marcellus Formation, or
variations in εSr


SW across the depositional basin. Additional
produced water data combined with stratigraphic correlations
will be required to characterize specific geographic trends in the
Sr isotope ratios.
An important question in hydraulic fracturing is the extent to


which the induced fractures remain in the target formation. If
the fractures and hydraulic fracturing fluid come into contact
with underlying or overlying formations, then additional solids
could be introduced into the fluid. The Marcellus Formation in
the sampling area is underlain by the Onondaga or Selinsgrove
Limestone, and is overlain by shale and limestone members of
the Hamilton Group. The Cherry Valley Limestone also divides
upper and lower shale members of the Marcellus Formation.
Unaltered marine limestones would normally have low εSr


SW


values (−35 to 0), while other shale units are likely to have
variable εSr


SW values reflecting different sedimentary sources and
histories. The narrow range of εSr


SW values from Marcellus
Formation produced waters argues against significant incur-
sions of hydraulic fracturing fluid into adjacent units. If the
fluids did interact with adjacent units, the produced water
would inherit the isotope signatures of brines or salts from
those units, and it is highly unlikely that these would have
isotopic compositions in the same narrow range as the εSr


SW


values measured here. The argument against incursions into
adjacent units is further bolstered by the apparently rapid
attainment of steady state in εSr


SW achieved by produced waters.
Interaction with units outside of the Marcellus gas production
zones would likely cause greater variation than what is seen in
the time series data (Figure 4b). The drop in εSr


SW on day 7 of
the Greene County well production could reflect incorporation
of solids from another source, either within or outside of the
Marcellus Formation, but this isotope excursion was relatively
short-lived. On the whole, the isotope variations in the
Marcellus produced waters analyzed in this study are best
explained by interactions with salts or brines within the shale
itself.


Signatures of Marcellus Produced Waters. Elevated
TDS alone is not always an effective tracer of produced water
contributions,30 nor are variations in concentrations of
dissolved chemical species, even those that are present at
unusually high levels. Due to the low solubility of barite (Ksp =
10−10), Ba cannot be considered a conservative element in
aqueous systems, especially in cases where sulfate could be
introduced from abandoned coal mine drainage (AMD). The
very high concentrations of Ba in produced water may be
stabilized by organic matter, excess Cl−, or the addition of
antiscalants to hydraulic fracturing fluids, but dilution by


Figure 4. Variations in (a) Sr concentration and (b) εSr
SW (or 87Sr/86Sr)


plotted against the day of sample collection from the start of pumping.
For the Greene County well (red squares) the point at day 0 is
fracturing fluid. In all cases, the Sr concentration starts out lower and
builds gradually to near a steady state value by 30 days. In contrast, the
εSr
SW values appear to hit a steady state value within 5−10 days after
initiation of pumping, reflecting the domination of Marcellus
Formation salt or brine Sr to the overall Sr budget.
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freshwater is likely to cause significant precipitation of barite,
which may be enhanced by further oxidation of S− to SO4


2− 31


and the interaction of produced water with AMD. High Na and
Cl concentrations are also characteristic of Marcellus produced
waters. However, streams and rivers in populated areas often
already contain significant concentrations of Na and Cl due to
the use of road salt, leakage of septic systems, and wastewater
outflows.32,33 In some cases, alkaline abandoned mine drainage
can have Na/Ca ratios equal to or higher than those of
produced water (Table S1). A modest inflow of produced water
would not be easily distinguishable or quantifiable under these
circumstances. Moreover, brines from abandoned and leaking
oil and gas wells from shallower formations commonly contain
Na, Cl, Ba, and Sr at concentrations comparable to those of
Marcellus produced waters.34


Similarly, carbon isotopes alone are not always sufficient in
distinguishing sources of high TDS. Isotopic fingerprinting
using carbon isotopes can distinguish microbial from
thermogenic methane.35−42 However, in some cases this
method may not be able to distinguish between different
stratigraphic sources of natural gas, such as between shallower
natural gas sources tapped decades ago vs. a deep shale source
in the Marcellus Formation, or between pipeline and storage
gases and native thermogenic gas. Thermogenic methane from
different units and ages can have similar methane isotopic
signatures, resulting in ambiguous determination of the
provenance of the carrier fluid.37,41−43


Because Marcellus produced waters have a restricted range of
Sr isotope compositions, εSr


SW values could be a powerful tool
for identifying possible sources of TDS introduced into streams
or shallow aquifers. In the Appalachian region of the U.S.,
increases in dissolved solids to waterways can have several
vectors, including road salt, drainage from inactive coal mines,
leaching of coal fly ash disposal sites, and leakage of produced
water from Marcellus Formation natural gas production. If the
Sr concentration and isotope composition of two waters are
known, then their mixing ratio can be precisely calculated,
provided they have different εSr


SW values. The isotope ratio of
the mixture is given by:


=
+
+


R
J C R J C R


J C J Cm
1 1 1 2 2 2


1 1 2 2 (1)


where Rm is the isotope ratio of the final mixture (expressed as
εSr
SW), J1 and J2 are the fluxes of the two endmember liquids
prior to mixing, C1 and C2 are the Sr concentrations of the
endmembers, and R1 and R2 are the Sr isotope compositions of
the endmembers. This can be rearranged to give the flux ratio:


=
+
+


J


J
C R C R
C R C R


1


2


2 2 2 m


1 m 1 1 (2)


As can be seen from eq 1, the isotope ratio of the mixture will
be very sensitive to a component with a high Sr concentration,
such as Marcellus produced waters. In a hypothetical case of
produced water with 1000 mg/L Sr and εSr


SW = +25 mixing into
a stream containing 0.5 mg/L Sr with εSr


SW = +50, an addition of
only 0.05% of the produced water would shift the stream ratio
from +50 to +37.5, well outside of measurement precision (< ±
0.2).
In western Pennsylvania, AMD has long been a source of


pollution to local waterways. In several recent cases, an increase
in TDS in local waterways has been attributed both to AMD
and to leakage of produced waters.8−10 Cases such as these can


potentially be resolved using Sr isotopes to identify the source
of TDS. The Sr isotope composition of AMD from a variety of
localities (Table S1) tends to be higher than that of produced
water, and it also varies somewhat systematically with
stratigraphic position of the mined coal (Figure 5). Although


there is a limited degree of overlap in εSr
SW values, in most cases


a clear distinction would be expected between produced water
and AMD sources. The same is true of leakage from fly ash
impoundments, which could have a range of εSr


SW values from
−8 to +80,44,45 as well as very high Ba and Sr concentrations.46


The utility of Sr isotopes in identifying and quantifying
sources of TDS to waterways can be further enhanced by
combining εSr


SW with a distinguishing chemical parameter. This
study indicates that Sr/Ca ratios of produced water, while
forming a basin wide trend, tend to vary from well to well
(Figure 3a). Because both Sr and Ca are expected to be
conservative tracers in these aqueous systems, combining Sr/Ca
ratios with εSr


SW values is likely to allow us to distinguish
between sources in nearly all cases. To demonstrate, we


Figure 5. Strontium isotopic variations of Marcellus Formation
produced waters compared to western Pennsylvania AMD, Phaner-
ozoic limestone,27 and brines from the Venango Group, Pennsylva-
nia.20 The Marcellus produced waters define a relatively tight field
compared to other possible sources of Sr in the Marcellus natural gas
production region. The isotopic composition of AMD waters appears
to vary systematically with stratigraphic height, with the only overlap
between AMD and produced waters coming from Pittsburgh coal
AMD and produced waters from Westmoreland County. The tight
clustering of Marcellus produced water values and large difference
between these and other possible TDS sources indicate that Sr
isotopes can be an effective tracer for produced water.
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calculated mixing equations for a hypothetical stream with an
isotope ratio (εSr


SW = +35) between those of the Westmoreland
County produced waters and all other produced waters, but
with Sr/Ca ratios typical of natural streams. Mixing curves were
generated for this stream interacting with Marcellus produced
waters, acid mine drainage from the Pittsburgh Coal Seam, and
brines drawn from abandoned oil wells tapping the Venango
Group (Figure 6).20 Produced waters from each well or region


fall in a unique portion of Sr/Ca-εSr
SW space. Using the mean


values as mixing endmembers, we can calculate the shift in Sr/
Ca and εSr


SW resulting from addition of the produced waters or
AMD to a stream; the labeled tick marks on the curves indicate
the percentage of produced water or AMD required to generate
the observed shift. In some cases, a flux equivalent to only
0.01% of the streamflow results in significant shifts of the
streamwater isotope ratios, and a 0.1% addition can move the
Sr/Ca and εSr


SW of the stream up to halfway toward the
produced water endmember values. In all cases, the stream εSr


SW


value is completely dominated by produced water when the
produced water flux reaches 1% of the streamflow. In contrast,
much more AMD (>10%) would be required to shift stream
waters significantly toward AMD εSr


SW values. Because the AMD
inflows in any given location are likely to be significantly
different in εSr


SW from Marcellus produced waters, this method is
likely to yield definitive evidence for the source of TDS
contamination. In the event of a produced water spill, the
amount of produced water or other contaminant entering the
stream can be quantified. We note that the example shown in
Figure 6 is for a stream with an isotopic composition not very
different from Marcellus produced waters. Streams with εSr


SW


values greater than about +50, which are likely to be common
in the Appalachian Basin, will be even more sensitive to influxes
of Marcellus produced waters. Influxes of more than one
contaminant into a stream would define a mixing field (rather


than line) in a mixing diagram and could still be usefully
quantified. Addition of other conservative tracers would allow
extension of this simple mixing model to more complex cases of
multiple contaminant sources.
An approach that integrates geochemistry, hydrogeology, and


knowledge of historical background is critical to the successful
remediation of existing water quality problems and the
protection of water resources in the Appalachian Basin and
other geologically and hydrochemically complex areas. These
data suggest that the Sr isotope ratios constitute an extremely
sensitive tracer with strong potential as a tool for verification of
safe water disposal, and can be used to determine the origin of
TDS in surface and ground waters affected by multiple sources
as well as quantify mixing between them.
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a b s t r a c t


Groundwater, surface water, and soil in the Goose Lake oil field in northeastern Montana have been
affected by Cl�-rich oil-field brines during long-term petroleum production. Ongoing multidisciplinary
geochemical and geophysical studies have identified the degree and local extent of interaction between
brine and groundwater. Fourteen samples representing groundwater, surface water, and brine were col-
lected for Sr isotope analyses to evaluate the usefulness of 87Sr/86Sr in detecting small amounts of brine.
Differences in Sr concentrations and 87Sr/86Sr are optimal at this site for the experiment. Strontium con-
centrations range from 0.13 to 36.9 mg/L, and corresponding 87Sr/86Sr values range from 0.71097 to
0.70828. The local brine has 168 mg/L Sr and a 87Sr/86Sr value of 0.70802. Mixing relationships are evi-
dent in the data set and illustrate the sensitivity of Sr in detecting small amounts of brine in groundwater.
The location of data points on a Sr isotope-concentration plot is readily explained by an evaporation-mix-
ing model. The model is supported by the variation in concentrations of most of the other solutes.


Published by Elsevier Ltd.

1. Introduction


The Prairie Pothole Region of the northern Great Plains of the
USA and Canada (Fig. 1) contains many small lakes and sloughs in
glacial till and outwash deposited at the margins of continental
ice sheets during the Pleistocene. Sloan (1972) describes the water
budget of these lakes as input by direct precipitation, basin runoff,
and seepage inflow of groundwater and output by evapotranspira-
tion, and seepage outflow. The groundwater and surface water is
naturally saline with large concentrations of Na, Mg, SO2�


4 and
HCO�3 and relatively small concentrations of Cl�. Salinity in some
of the lakes increases seasonally because of evaporation during
summer months. Others have reached an approximate equilibrium
with groundwater recharge and evaporation and are perpetually
saline. For example, Little Manitou Lake near Watrous, Saskatche-
wan, a highly saline lake with a density of 1.06, has attracted visi-
tors since the early 19th century because of the supposed
curative powers of the water (Lewry, 2007). Other lakes in the re-
gion are of interest because they contain economic deposits of so-
dium sulfate or mirabolite (Kelley and Holmden, 2001). Further,
the Prairie Pothole Region is a critical habitat for waterfowl and
other terrestrial and aquatic species (Guntenspergen et al., 2006).


Many of the lakes have been drained for agricultural purposes,
and many others have been affected by oil-field brines (Reiten

Ltd.
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an).
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and Tischmak, 1993; Preston, 2011). Much of the Prairie Pothole
Region is coincident with two major sedimentary basins that have
produced oil and gas for more than 60 a: (1) the Williston Basin
centered in western North Dakota and extending into eastern Mon-
tana, southern Saskatchewan, and southwestern Manitoba (Fig. 1),
and (2) the southern part of the Western Canada sedimentary ba-
sin in southern Alberta. The effects of releases and spills of highly-
saline brines co-produced with oil during the past 60 a are wide-
spread in Sheridan County, Montana (Reiten and Tischmak, 1993;
Gleason et al., 2011; Preston, 2011). Reiten and Tischmak (1993)
developed an index for identifying brine contamination (abbrevi-
ated here as CIx). This index is the ratio of Cl� concentration to spe-
cific conductance, both readily measured in the field. Oil-field
brines are dominated by Na and Cl in halite proportions and may
contain significant concentrations of other anions and cations
including B, Ba, Li, Mn, Sr, Zn, Br and I. More recent activity in
the Williston Basin (Fig. 1) involves increased drilling and produc-
tion from the Bakken Formation, a thin but widespread organic-
rich shale and sandstone unit that forms an extensive continuous
petroleum system (Polastro et al., 2008).


The purpose of this study was to evaluate the use of Sr isotopes
for detecting small amounts of oil-field brine in groundwater
(Peterman et al., 2010). Previously, this approach has been used
successfully to track the release of formation waters associated
with production of CH4 from coal beds (Frost et al., 2002). Stron-
tium is an alkaline-earth element that closely follows Ca in the
hydrologic cycle. Combining the isotopic composition (87Sr/86Sr)
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/j.apgeochem.2012.08.004
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Fig. 1. Map showing the prairie pothole lakes region in the USA and Canada, the outline of the Williston Basin, and the extent of the Bakken Formation, which is the target of
intense petroleum exploration and development. Location of the Goose Lake study area is shown by the white dot.
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with the Sr concentration is an effective way to evaluate and quan-
tify mixing, especially when the end members differ significantly
in both isotope ratio and concentration (Peterman and Stuckless,
1992; Shand et al., 2009). An area within the Goose Lake oil field
in northeastern Montana (Fig. 2) was selected to conduct this test
because of an ongoing multidisciplinary study (http://steppe.cr.-
gov/), which has identified and delineated brine plumes (Reiten
and Tischmak, 1993; Preston, 2011).


2. Sample collection and analysis methods


Water samples were collected from monitoring wells, wetlands,
and an oil/brine separation tank at the Goose Lake study site dur-
ing June 2009 (Table 1). Monitoring wells were purged until at
least three well volumes of water were removed and onsite mea-
surement of pH, water temperature, and specific conductance
had stabilized. Groundwater samples were collected using a 5 cm
(2-in.) submersible pump.

Please cite this article in press as: Peterman, Z.E., et al. Strontium isotope s
northeastern Montana, USA. Appl. Geochem. (2012), http://dx.doi.org/10.1016

Wetlands were sampled using a discrete sampling method
modified from Knapton (1985). All of the wetland sites were shal-
low (typically less than 1.5 m deep) and tended to be well mixed
by wind-generated turbulence, so a single sampling location was
assumed to be representative of the entire wetland. Prior to sample
collection, specific conductance was measured at various locations
along the perimeter of the wetland to confirm adequate mixing.
Samples were collected by wading to as deep a location as possible.
An acid-rinsed 4-l polyethylene bottle was submersed upwind of
the sample-collecting person and the lid was removed after sub-
mersion to fill the bottle. Brine samples were collected from a spi-
got located below the oil/brine separator tank. Each brine sample
was collected in an acid-rinsed 4-l polyethylene bottle.


Quality-control data to document the reproducibility of analyt-
ical results and any sample contamination were provided by test
samples that consisted of either a replicate sample or a field-
blank incorporated into the sample set. Quality-control samples
comprised about 10% of the total number used for analyses.

ystematics of mixing groundwater and oil-field brine at Goose Lake in
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Fig. 2. Map of the Goose Lake study area showing sample locations and locations of oil wells.
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Replicate samples were collected in the field by concurrently fill-
ing sample bottle sets.


Sample processing, filtration, and preservation were performed
in the field using methods employed by the U.S. Geological Survey
(variously dated). Samples of surface water and groundwater from
shallow wells were collected in acid-washed polyethylene bottles
following filtration to 0.45 lm.


In the laboratory, a sufficient volume of water to yield a few lg
of Sr was evaporated to dryness in a Pyrex or Teflon beaker. The

Please cite this article in press as: Peterman, Z.E., et al. Strontium isotope s
northeastern Montana, USA. Appl. Geochem. (2012), http://dx.doi.org/10.1016

residue was dissolved in 3 N HNO3 and passed through an Eichrom
Sr-spec resin in Teflon columns to isolate the Sr from other ele-
ments, particularly Rb. The Eichrom Sr-spec resin, cleaned by rins-
ing with many, equal-volumes of purified water over a period of
time (about 1 month), had a column blank averaging 0.1 ng. The
sample solution collected from the column was dried and dissolved
with a drop of 1 N HCL, which was evaporated onto Re filaments
and analyzed on an upgraded (Spectromat) Finnigan MAT 262�,
thermo-ionization mass spectrometer (TIMS). To eliminate

ystematics of mixing groundwater and oil-field brine at Goose Lake in
/j.apgeochem.2012.08.004
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Table 1
Strontium isotope ratios and selected solute concentrations for samples from the Goo eppe.cr.usgs.gov/data.html>. (Major dissolved ions were
determined by the USGS National Water Quality Laboratory and trace metals and Sr iso
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Latitude Longitude Site
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(mg/L)
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LI
(lg/L)


Mn
(lg/L)


Rb
(lg/L)


Sr
(lg/L)


Contam.
Index


87Sr/86


SrNAD83 Projection
Atom
ratio


117F 48.8560 �104.1115 Wetland 9/17/2009 9.07 10750 992 459 310 19 5.9 3970 0.27 0.71006
117F 48.8560 �104.1115 Wetland 9/17/2009 9.07 10690 967 452 311 37 6.0 3980 0.28 0.71004
124D 48.8511 �104.1042 Well 5/14/2009 8.43 10600 284 171 721 48 31.6 4320 0.31 0.70858
124E 48.8495 �104.1027 Wetland 5/14/2009 8.93 22000 306 298 1870 37 23.8 5640 0.32 0.70861
124F 48.8490 �104.1045 Wetland 5/14/2009 8.65 14700 332 134 1140 69 6.7 3170 0.33 0.70884
124J 48.8514 �104.1061 Well 5/14/2009 7.37 17900 463 197 1400 1450 84.6 7610 0.34 0.70853
126C 48.8520 �104.1124 Well 5/15/2009 7.23 3630 372 183 121 2100 2 1590 0.27 0.70935
264A 48.8506 �104.1224 Well 5/13/2009 6.92 91300 1370 543 9340 6520 476 36,900 0.40 0.70828
264J 48.8453 �104.1171 Wetland 9/17/2009 7.92 9830 345 419 244 243 3.1 1300 0.29 0.71097
264K 48.8425 �104.1190 Wetland 9/17/2009 7.81 13980 648 512 525 649 6.0 3340 0.34 0.71048
264M 48.8421 �104.1167 Wetland 9/17/2009 8.49 4500 110 128 144 81 2.9 992 0.28 0.70991
264Y 48.8420 �104.1125 Wetland 5/12/2009 7.89 1080 85 52.1 40 17 2.7 431 0.11 0.71042
307B 48.8506 �104.0961 Wetland 5/15/2009 8.83 66600 489 785 2050 50 20 6360 0.06 0.70922
BGWL 48.8528 �104.1224 Wetland 5/15/2009 8.43 387 43 8.04
PW1 48.8514 �104.1222 Brine tank 5/15/2009 – 223000 5030 961
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(87Sr/86Sr)b with a large dilution of fresh water has little effect on
(87Sr/86Sr)M, whereas a very small amount of brine contaminant
in the fresh water component has a large effect on the (87Sr/86Sr)M.
This relationship illustrates the value of Sr isotopes in detecting
small amounts of brine.


Differences in both Sr concentrations and 87Sr/86Sr are optimal
at the Goose Lake site for conducting this experiment (Table 1).
Strontium concentrations range from 0.13 to 36.9 mg/L, and corre-
sponding 87Sr/86Sr values range from 0.71097 to 0.70828. Signifi-
cant isotopic and concentration contrast is provided by the local
brine with 168 mg/L Sr and a 87Sr/86Sr value of 0.70802. Strontium
isotope ratios are plotted against widely ranging Sr concentrations
(Table 1) on a semilog plot (Fig. 4) to illustrate an evaporation-mix-
ing model for Goose Lake samples. The model is illustrated by the
graphical inset (Fig. 4). Evaporation will increase solute concentra-
tions, including [Sr] but will not change the 87Sr/86Sr values. Any
water composition along the ‘‘evaporation’’ line can be influenced
by brine, salts derived from brine evaporation, or by previously af-
fected groundwater, and its composition will be drawn downward
along a hyperbolic mixing line towards the brine composition. This
process can occur in multiple stages and combinations of fresh-
water recharge, evaporation, and brine input, but the net results
are shown by the data in Fig. 4 where a mixing zone is populated
by samples representing the resultant isotopic and solute
variability.


Three mixing lines connect PW1, the brine sample, with data
points that bound the array and extend to the horizontal line of
87Sr/86Sr = 0.71097 (sample 264J). The distribution of data points
in Fig. 4 indicates that in-mixing of brine will always lower the
87Sr/86Sr of water at the Goose Lake site. Thus, the value for 264J
is selected as the least modified 87Sr/86Sr value, and this ratio is
used to calculate the mixing lines. In reality, there may well be
samples with larger 87Sr/86Sr values indicating less brine involve-
ment. There may also be significant 87Sr/86Sr variability in the
unaffected groundwater reservoir. Neither of these possibilities

0.01 0.1 1


0.708


0.709


0.710


0.711


BGWL


264Y


126C


1


264M
1


264J


Fig. 4. Evaporation-mixing model for Sr isotope variatio
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detracts from the concept of the evaporation-mixing model. The
two solid curves bound the data array with PW1-BGWL intersec-
tion at 0.71097 at 0.043 mg/L Sr, and PW1-264A at 4.138 mg/L
Sr. The dashed mixing line is calculated through PW1 and 264Y
to intersect the line at 0.71097 at 0.351 mg/L Sr. All but BGWL, a
sample collected from a wetland containing recently-melted snow
that is very low in solutes, are contained within the dashed curve
and the solid curve passing through 0.71097 and 4.138 mg/L Sr.


The 87Sr/86Sr ratio of PW1 is similar to Sr isotope values for pro-
duced water from the Weyburn field in southern Saskatchewan
(Quattrocchi et al., 2006) and to brines that affected groundwater
in the Ft. Peck Indian Reservation in eastern Montana (Peterman
et al., 2012). All of these brines were produced from the Mississip-
pian Madison Group carbonate rocks. Data for the Weyburn brines
are plotted in Fig. 4. The differences in Sr concentrations between
that of PW1 and the lower values for the Weyburn samples may be
the result of dilution of the latter during previous flooding of the
reservoir with water from the Cretaceous Mannville aquifer with
only a small effect on the 87Sr/86Sr values of the brine (Quattrocchi
et al., 2006).


The sensitivity of Sr isotopes in detecting small amounts of
brine can be estimated by considering sample 264Y. As mentioned
above, the dashed mixing line passing through PW1 and 264Y with
0.431 mg/L Sr intersects the horizontal line passing through 264J at
0.351 mg/L Sr. Only 0.05% brine (PW1) is required to move 264Y
from the hypothetical original position at 0.351 and 0.71097 to
its measured position in Fig. 4. Similarly, sample 264A could have
been displaced from an original value on the 0.71097 line to the
measured value of 0.70828 by only 20% brine.


The contamination index (CIx) is calculated for each sample in
Table 1 using laboratory measurements of Cl� and specific conduc-
tance. CIx values for earlier sample collections from many of these
sites are given by Reiten and Tischmak (1993). They considered CIx
values of less than 0.035 to indicate uncontaminated water. One
sample in Table 1, BGWL, has a CIx value lower than 0.035. In
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the binary mixing model described above, only 0.005% PW1 would
be required to move BGWL from its hypothetical original composi-
tion at 0.043 mg/L Sr and a 87Sr/86Sr ratio of 0.71097 to its present
position in Fig. 4. The relationship between CIx and the component
of brine in other samples indicated by their location in Fig. 4 is
complicated. The brine, PW1, has a CIx of 0.54, the largest value
in the suite of samples. Sample 264Y, which has the largest compo-
nent of brine based on the Sr model, has a CIx of 0.40. The cluster of
samples 124D, E, F and J have similar CIx values of 0.31 to 0.34. A
marked departure from the general relationship is shown by 307B
with a CIx of 0.06. This sample is high in SO2�


4 and Na+ resulting in a
large specific conductance, but Cl� concentration is not especially
enriched relative to many of the other samples.


Concentrations of other dissolved ions are also given in Table 1.
Except for HCO�3 and SO2�


4 , the relationships of these concentra-
tions to 87Sr/86Sr values are generally consistent with the evapora-
tion-mixing model. Neither HCO�3 nor SO2�


4 are necessarily
conservative so departure from the model is not surprising.


4. Conclusions


As previous studies have shown, surface water and shallow
groundwater at Goose Lake in northeastern Montana, have been
variably affected by oil-field brines directly or through dissolution
of salt deposits formed from the brines. Strontium concentrations
in these waters and in oil-field brines differ by several orders of
magnitude, and 87Sr/86Sr values are significantly different. An
evaporation-mixing model is proposed. Seasonal evaporation in-
creases solute concentrations but 87Sr/86Sr values of the water
are not changed. An increasing brine component increases Sr and
other solute concentrations and lowers the 87Sr/86Sr values. This
mixing produces predictable relationships that can be used to de-
tect very small amounts of brine.
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Cell      303-324-0458

FAX     303-236-4930

Why is strontium so important to you?
I am asking about the isotopic analyses, but am pretty sure we don’t do those.
I am planning on the creek in 2 locations, and the house and barn well.  The field well is not at issue
as it is not used, and regardless, it is on the same system as the stock dam, and not on the drainage
from the Oasis wells.  Oh, yes, and the stock dam is dry, and the shallow field well seemed to
closely mirror the water level in that dam.
Kris

 
From: Pfeiffer.Tricia@epamail.epa.gov [mailto:Pfeiffer.Tricia@epamail.epa.gov] 
Sent: Monday, October 29, 2012 11:50 AM
To: Roberts, Kris D.
Subject: Fw: Oasis data

 

Hey Kris,

Hope you had a relaxing weekend. It was nice here.

We are copying the info for our files and should have it in the mail to you by Friday. I
was looking over our list submitted for parameters to test for and we have metals
listed. Can you make sure strontium is included? It is part of Method 6020, but I
noticed Oasis and NDOH didn't run it in previous samples collected. Does your lab
have the ability to do isotopic analysis on Sr, H or O? Also, I was curious, where are
you planning to collect samples?

--t

Tricia Rios Pfeiffer, Engineer
U.S. Environmental Protection Agency-Region8
Watershed & Aquifer Protection Unit
1595 Wynkoop Street
MC: EP-EPR
Denver, Colorado 80202

P: 303-312-6271
P: 866-457-2690 ext 312-6271
F: 303-312-7206

mailto:Pfeiffer.Tricia@epamail.epa.gov


----- Forwarded by Tricia Pfeiffer/R8/USEPA/US on 10/29/2012 10:42 AM -----

From: "Roberts, Kris D." <kroberts@nd.gov>
To: Tricia Pfeiffer/R8/USEPA/US@EPA
Date: 10/29/2012 08:33 AM
Subject: RE: Oasis data

My address would be Fine. Overnight would be best so we have time to figure out what
our lab can and can’t do.

Kris Roberts
Environmental Response Team Leader
ND Department of Health
Division of Water Quality
918 E. Divide Ave, 4th Floor
Bismack, ND 58501-1947
701-328-5236 (off.)
701-391-0982 (cell)
kroberts@nd.gov

From: Pfeiffer.Tricia@epamail.epa.gov [mailto:Pfeiffer.Tricia@epamail.epa.gov] 
Sent: Friday, October 26, 2012 4:28 PM
To: Roberts, Kris D.
Subject: RE: Oasis data

Hey Kris,

Martin has spoke with Dave and provided the write up with suggested parameters to
test for. What address would you like the data to be mailed to?

--t

Tricia Rios Pfeiffer, Engineer
U.S. Environmental Protection Agency-Region8
Watershed & Aquifer Protection Unit
1595 Wynkoop Street
MC: EP-EPR
Denver, Colorado 80202

mailto:kroberts@nd.gov
mailto:kroberts@nd.gov
mailto:Pfeiffer.Tricia@epamail.epa.gov
mailto:Pfeiffer.Tricia@epamail.epa.gov


P: 303-312-6271
P: 866-457-2690 ext 312-6271
F: 303-312-7206

"Roberts, Kris D." ---10/26/2012 10:36:16 AM---Yes, we would like the Oasis report
back. Now, I have very limited time to sample the water sources

From: "Roberts, Kris D." <kroberts@nd.gov>
To: Tricia Pfeiffer/R8/USEPA/US@EPA
Date: 10/26/2012 10:36 AM
Subject: RE: Oasis data

Yes, we would like the Oasis report back.
Now, I have very limited time to sample the water sources at Jacki’s. Do you have the list
of parameters you would like added to our standard lists or not?
I cannot wait any longer before I schedule that trip. I will be leaving for Michigan on the

7
th

 or 8
th

, so I have to get this done in the next few days.
Kris

From: Pfeiffer.Tricia@epamail.epa.gov [mailto:Pfeiffer.Tricia@epamail.epa.gov] 
Sent: Friday, October 26, 2012 10:39 AM
To: Roberts, Kris D.
Subject: Oasis data 

Hey Kris,

I briefed Martin this morning and he will be calling David this morning with our
suggestions on moving forward. Would you like me to mail the Oasis data back?

Tricia Rios Pfeiffer, Engineer
U.S. Environmental Protection Agency-Region8
Watershed & Aquifer Protection Unit
1595 Wynkoop Street
MC: EP-EPR
Denver, Colorado 80202

P: 303-312-6271
P: 866-457-2690 ext 312-6271
F: 303-312-7206 

mailto:kroberts@nd.gov
mailto:Pfeiffer.Tricia@epamail.epa.gov
mailto:Pfeiffer.Tricia@epamail.epa.gov

